A cascade Michael/alkylation reaction of ethyl-4-chloro-3-oxobutanoate and 2-Arylidene-1,3-indandiones had been studied, providing a number of activated spirocyclopentanes in excellent yields (up to 96%) and diastereoselectivities (up to dr > 20:1). Different bases were evaluated and triethylamine was found to be the most efficient for this transformation under mild reaction.
Introduction
2-Arylidene-1,3-indandiones are mostly attractive Michael acceptors [1] [2] [3] [4] [5] for the resulted substituted 1,3-indandiones had been widely found in many natural products with useful biological activities (Scheme 1). [6] [7] [8] [9] [10] [11] Among various 1,3-indandiones and their derivatives, multicyclic spiro-1,3-indandiones are especially valuable. For example, fredericamycin A was reported as an antitumor compound with antibiotic properties. 8 Spiroheterocyclic dihydropyrrolo [2,1-a] isoquinolines B had potential pharmacological effects such as sedative, hypotensive and neuromuscular blocking activities. 9 Biphenyl-based spirocyclic ketones C was widely used as new anticancer agents. 11 Among the chemical synthesis methods of these useful bioactive compounds, the cascade reactions based on 1,3-indandione and its derivatives are extremely attractive in terms of efficiency and atomic economy.
Results and Discussion
Firstly, the cascade Michael/Alkylation reactions of 2-Arylidene-1,3-indandiones 1a and ethyl-4-chloro-3-oxobutanoate 2 were examined in CH 2 Cl 2 at room temperature with different bases as the catalysts (Table 1) . Initial screening of the reaction conditions demonstrated that the organic and inorganic base had a significant role to play in both reactivity and selectivity. Using the inorganic bases as the catalysts, the cascade Michael/Alkylation product 3a was obtained in low yields and diastereoselectivities (Table 1 , entries 1-8). The spirocyclopentane 3a was achieved in good yields and diastereoselectivities by using the organic bases as the catalysts (Table 1, To get a better reaction conditions, we next screened the effects of solvents (Table 2 , entries1-8). Among the solvents tested, CHCl 3 was found to be the best solvent to give the best yield and selectivity (Table 2, entries 7 and 8). A slightly lower yields but also excellent diastereoselectivity were observed with the solvents of CH 2 Cl 2 (Table 2, entry 6). Almost the same selectivities were obtained when reactions were performed at the solvents of acetone, THF and toluene (Table 2, entries 3-5). Reactions in MeOH or DMF afforded the desired product 3a in only low yield and selectivity (Table 2, entries 1 and 2). The reaction was carried out at 0 °C.
Under the optimized reaction condition, the Et 3 N as base and CHCl 3 as the solvent were proved to be efficient for the synthesis of spirocyclopentanes (Table 3) . For example, spirocyclopentanes 3 were obtained in excellent yields and diastereoselectivities by using different substrates such as aryl and heteroaryl-1,3-indandiones. The position of the substituents at the phenyl ring seems to have slightly effect on the yields and diastereoselectivities. As can be seen in table 3, the para-substitution generally resulted in better yields and diastereoselectivities, no matter electron-withdrawing or electron-donating groups were introduced (Table 3 , entries 4, 6-8). In comparison, ortho-chloro and meta-chloro substituted 2-Arylidene-1,3-indandiones 1b and 1c afforded lower yields and diastereoselectivities (Table 3 , entries 2-3). Similarly, orthomethoxy substituted 2-arylidene-1,3-indandione 1e gave lower yields and diastereoselectivities than its para-substituted analog 1f (Table 3 , entries 5 and 6). The 2-thiophenyl-1,3-indandione 1i provided the product in lower yield (91%, Table 3 , entry 9). Disappointedly, no Michael/Alkylation product was obtained when the 2-furyl-1,3-indandione was used in the reaction. The reaction was carried out at room temperature for 8 h.
After the success of Michael/Alkylation reaction of ethyl-4-chloro-3-oxobutanoate, the reaction of ethyl-4-bromo-3-oxobutanoate with 2-Arylidene-1,3-indandione 1a was also studied. Disappointedly, only moderate yield and diastereoselectivity were obtained in comparison with ethyl-4-chloro-3-oxobutanoate (Scheme 2). Further studies are in progress in our group. Scheme 2. Reaction of ethyl-4-bromo-3-oxobutanoate and 2-Arylidene-1,3-indandione 1a.
The product 3a could be readily decarboxylationed by concentrated hydrochloric acid. The treatment of 3a with concentrated hydrochloric acid in water provided activated spirocyclopentane 4 in excellent yield and diastereoselectivity (Scheme 3). An asymmetric version of this reaction was also studied by using diphenyl-L-prolinol as the catalyst, but only moderate yield and low enantioselectivity were achieved (Scheme 4). 18 Further studies are also in progress in our group. A proposed mechanism for the cascade Michael/Alkylation reaction is illustrated in Scheme 5. 6 The possible catalytic Michael/Alkylation reaction may go through three main steps: (a) the deprotonation of ethyl-4-chloro-3-oxobutanoate by triethylamine gives the alpha-carbon anion; (b) the Michael addition of the ethyl-4-chloro-3-oxobutanoate to 2-Arylidene-1,3-indandiones; (c) intramolecular cyclization afforded spirocyclopentanes 3a in excellent yield. 
Conclusions
We have developed a cascade Michael/Alkylation reaction of ethyl-4-chloro-3-oxobutanoate and 2-Arylidene-1,3-indandiones, providing a number of activated spirocyclopentanes in excellent yields (up to 96%) and diastereoselectivities (up to dr > 20:1).
Experimental Section
General. ), intensity of absorption (s = strong, m = medium, w = weak). Enantiomeric excesses were determined by HPLC using a Daicel Chiralpak OD-H column and eluting with a hexane/i-PrOH solution. Flash chromatography was performed over silica gel (230-400 mesh), purchased from Qingdao Haiyang Chemical Co., Ltd. Commercially available reagents and analytical grade solvents were used without further purification. 2-Arylidene-1,3-indandiones were prepared according to reported procedures.
28
Typical procedure for asymmetric synthesis of spirocyclopentanes A solution of 1a (23.4 mg, 0. 1 mmol) and 2 (16.4 mg, 0. 12 mmol) in CHCl 3 (1 mL) was stirred at room temperature for 10 min. Then, Et 3 N (56 uL) was added. The reaction solution was stirred at room temperature for 2 h. Then, the solvent was evaporated under vacuum, and the residue was purified by flash column chromatography over silica gel (petroleum ether/EtOAc 3/1) to give product 3a as a white solid. 2-chlorophenyl)-1',3',4-trioxo-1',3'-dihydrospiro[cyclopentane-1,2'- 142.3, 141.3, 136.1, 136.0, 134.8, 131.8, 130.0, 129.1, 128.0, 126.9, 123.4, 122.9, 61.9, 59.8,   59 .2, 47.9, 42.9, 14.0; IR (thin film) /cm 2-(3-chlorophenyl)-1',3',4-trioxo-1',3'-dihydrospiro[cyclopentane-1,2'- fluorophenyl)-1',3',4-trioxo-1',3'-dihydrospiro[cyclopentane-1,2'- 2-(4-bromophenyl)-1',3',4-trioxo-1',3'-dihydrospiro[cyclopentane-1,2'- 
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